Introduction {#s1}
============

Metastases are a major cause of cancer-related morbidity and mortality. By the time cancer cells leave their primary site and spread to distant sites, they have acquired the ability to migrate and invade, as well as characteristics that enable them to survive and proliferate within new microenvironments. These phenotypes are likely driven by changes in gene expression and epigenetic programs that allow cancer cells to overcome the many hurdles that normally constrain the metastatic process. Despite recent advances, our understanding of the principles and mechanisms underlying metastasis remains incomplete, including how changes in molecular programs can translate into selective advantages that enable cancer cells to spread to other organs ([@bib15]; [@bib34]; [@bib24]).

Small cell lung carcinoma (SCLC) is a high-grade neuroendocrine cancer that accounts for \~15% of all lung cancers and causes over 200,000 deaths worldwide each year ([@bib41]). The ability of SCLC cells to leave the primary tumor and establish inoperable metastases is a major cause of death and a serious impediment to successful therapy ([@bib53]; [@bib14]). SCLC is one of the most metastatic human cancers, with over 60% of SCLC patients presenting with disseminated disease at the time of diagnosis, often including liver, bone, brain, and secondary lung metastases ([@bib32]; [@bib39]).

Molecular analyses to understand metastatic progression of human cancer are often limited by difficulties in accessing tumor samples at defined stages. This problem is especially true for SCLC, since patients with metastatic disease rarely undergo surgery ([@bib3]). Genetically engineered mouse models of human SCLC recapitulate the genetics, histology, therapeutic response, and highly metastatic nature of the human disease ([@bib23]; [@bib17]; [@bib40]). These genetically engineered mouse models recapitulate cancer progression in a controlled manner and allow for the isolation of primary tumors and metastases directly from their native microenvironment. Recently, we and others have used mouse models to uncover gene expression programs that are altered in SCLC metastases ([@bib11]; [@bib45]; [@bib57]; [@bib58]). While SCLC cells display features of neuroendocrine cells, the gene expression programs in metastatic SCLC include not only genes normally expressed in pulmonary neuroendocrine cells but also those expressed in neurons ([@bib9]; [@bib10]; [@bib5]; [@bib2]). Higher levels of the neuronal markers such as NSE (neuron-specific enolase) correlate with shorter survival and more metastatic disease in SCLC patients ([@bib9]; [@bib54]; [@bib12]). Broad neuronal gene expression programs are enriched in metastases from mouse models of SCLC, however, whether SCLC cells actually gain neuronal characteristics and whether neuronal features are key regulators of metastatic ability has not been previously characterized ([@bib11]; [@bib57]; [@bib58]; [@bib4]).

Here we find that the metastatic state of SCLC can include the growth of protrusions that resemble axons. These axon-like growths increase the ability of SCLC cells to migrate and metastasize, thus representing a cellular mechanism that enhances the metastatic ability of SCLC cells that have transitioned to a more neuronal cell state.

Results {#s2}
=======

SCLC cells can form long cellular protrusions in culture and in vivo {#s2-1}
--------------------------------------------------------------------

To investigate SCLC migration, we developed an assay in which SCLC cells, which classically grow in culture as floating spheres or aggregates, are grown as a monolayer under Matrigel ([@bib11] and Materials and methods). Unexpectedly, we noticed that cells from some SCLC cell lines (N2N1G, 16T, 6PF) derived from the *Rb^f/f^;Trp53^f/f^* (*DKO*) and *Rb^f/f^;Trp53 ^f/f^;p130^f/f^* (*TKO*) genetically engineered mouse models form long cellular protrusions into cell-free spaces ([Figure 1A--B](#fig1){ref-type="fig"}). To determine whether these structures specifically project into cell-free areas or they also exist within monolayers, we cultured a minor fraction of fluorescently-labeled, GFP^positive^ SCLC cells with control SCLC cells. We found that SCLC cells also form protrusions when they are in close contact with surrounding cancer cells ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). Similar mixing experiments performed in subcutaneous allografts also documented the growth of protrusions by SCLC cells in vivo ([Figure 1C--D](#fig1){ref-type="fig"}). Finally, similar structures also extend from SCLC micro-metastases in the liver in the autochthonous *TKO* mouse model and after intravenous transplantations of SCLC cells ([Figure 1---figure supplement 1B--C](#fig1s1){ref-type="fig"}).

![SCLC cells grow protrusions in culture and in vivo.\
(**A**) Representative bright field images of three murine SCLC (mSCLC) cell lines (KP22, N2N1G, and 16T). Cells extend protrusions into a cell-free scratch generated in monolayer cultures. Protrusions are indicated by white arrowheads. Scale bars, 100 μm. N = 3 replicates. (**B**) Quantification of the number of protrusions that form from each mSCLC cell line as cultured in (**A**). Each symbol corresponds to the average of two technical replicates of an independent experiment. Mean + /- s.d. is shown, unpaired t-test. (**C**) Representative images of mSCLC cells (6PF and 16T) growing as subcutaneous tumors. At the time of injection, 10% SCLC cells stably expressing membrane-GFP (mGFP) were mixed with 90% GFP-negative SCLC cells. Immunostaining for GFP generates a brown signal. Examples of protrusions are indicated by white arrowheads. Hematoxylin (blue) stains the nuclei of the cells. (N = 5/allograft, from one biological replicate). Scale bar, 20 μm. (**D**) Quantification of (**C**). Each symbol represents an allograft tumor (N = 4/allograft, from one biological replicate). Mean + /- s.d. is shown. (**E**) Representative images of human SCLC (hSCLC) patient-derived xenografts growing subcutaneously (LX102, LU86, and LU102 models). Tumors were injected with the red fluorescent tracer DiI. Protrusions are indicated by white arrowheads. Scale bar, 20 μm. (**F**) Quantification of (**E**). Each symbol represents a xenograft tumor (N = 6/xenograft, from one biological replicate). Mean + /- s.d. is shown, unpaired t-test.](elife-50616-fig1){#fig1}

Human SCLC patient-derived xenografts (PDXs) recapitulate many important features of the human disease (e.g. [@bib43]; [@bib16]). To label rare cancer cells within human SCLC PDXs and identify whether they had protrusions in unperturbed tumors, we used DiI tracing. DiI is a lipophilic dye that diffuses within cell membranes and has been widely employed to label projections from individual neurons ([@bib30]; [@bib20]). Protrusions from SCLC cells were easily identifiable in two out of three PDX models ([Figure 1E--F](#fig1){ref-type="fig"}). Furthermore, human NCI-H446 SCLC cells formed long protrusions into cell-free areas in the 2D culture system ([Figure 1---figure supplement 1D--E](#fig1s1){ref-type="fig"}) and when grown as xenografts ([Figure 1---figure supplement 1F](#fig1s1){ref-type="fig"}). Other human and mouse cells had a variable capacity to form protrusions ([Figure 1---figure supplement 1G--H](#fig1s1){ref-type="fig"}, [Supplementary file 1](#supp1){ref-type="supplementary-material"}: Key Resources table, and [Supplementary file 2](#supp2){ref-type="supplementary-material"}--table 1).

These observations indicated that at least a subset of SCLC cells, which are often described as being 'small round blue' cells, can develop long cellular protrusions. We next sought to investigate the nature of these protrusions and uncover their possible role in metastatic SCLC.

SCLC protrusions resemble axons and SCLC cells with protrusions migrate similar to neuroblasts {#s2-2}
----------------------------------------------------------------------------------------------

SCLC cells express typical neuroendocrine genes but also neural and neuronal genes ([@bib9]; [@bib10]). This observation led us to investigate whether the protrusions were similar to neuronal axons or dendrites. We identified a list of 69 genes classically associated in the scientific literature with axonogenesis and axon guidance, and found that many of these genes are expressed in at least subsets of primary human SCLCs ([@bib18]) ([Supplementary file 2](#supp2){ref-type="supplementary-material"}--table 2). Thus, the gene expression programs controlling axonal growth in neuronal cells are also present in SCLC cells. We previously performed gene expression analyses on purified cancer cells from primary tumors and metastases from two mouse models of SCLC ([@bib11]; [@bib58]). In these studies, we found a general increase in the expression of neuronal gene expression programs during tumor progression, with broad expression of the selected candidate genes in metastatic SCLCs, indicating that murine SCLC tumors and cell lines derived from these tumors represent a tractable system with which to investigate neuronal programs in SCLC ([Supplementary file 2](#supp2){ref-type="supplementary-material"}--table 3). Pathway and process enrichment analysis on these 69 genes confirmed their connection with axon guidance, neuron migration, and nervous system development ([Supplementary file 2](#supp2){ref-type="supplementary-material"}--table 4).

To further investigate the nature of these SCLC protrusions, we assessed their expression of canonical axonal and dendritic proteins. The protrusions that form from murine and human SCLC cell lines uniformly expressed neuron-specific class III beta-tubulin (Tuj1). More importantly, these protrusions were positive for the axonal marker TAU while expression of the dendritic marker MAP2 was undetectable ([Figure 2A--B](#fig2){ref-type="fig"} and [Figure 2---figure supplement 1A--C](#fig2s1){ref-type="fig"}). Tuj1^positive^, TAU^positive^ protrusions were also observed in vivo emanating from SCLC cells in the liver of *TKO* mice ([Figure 2---figure supplement 2A](#fig2s2){ref-type="fig"}). Furthermore, 29/79 (37%) human primary SCLC tumors stained moderately or strongly positive for TAU ([Figure 2---figure supplement 2B](#fig2s2){ref-type="fig"}). Most axonogenesis and neuronal migration genes were undetectable in a single-cell RNA-seq analysis of adult lung epithelial cells, which included neuroendocrine cell, further suggesting that these programs are turned on during tumorigenesis ([Figure 2---figure supplement 2C](#fig2s2){ref-type="fig"}) ([@bib35]). Immunostaining for the axonal marker GAP43 (which is highly expressed in the metastatic SCLC state; see below) did not uncover any positive normal lung epithelial cells ([Figure 2---figure supplement 2D](#fig2s2){ref-type="fig"}). Together, these observations indicate that axonal programs are gained during SCLC progression and suggested that the protrusions from SCLC cells are axon-like.

![SCLC cells with protrusions migrate in a saltatory fashion similar to neuroblasts.\
(**A**) Representative immunofluorescence images of N2N1G mSCLC cells expressing membrane-GFP (GFP, green) and stained (red) for expression of the neuronal marker Tuj1, the axonal marker TAU, or the dentritic marker MAP2. DAPI marks the nucleus of cells in blue. Scale bars, 50 μm. (**B**) Quantification of (**A**) for two mouse SCLC cell lines (16T, N2N1G) and one human SCLC cell line (NCI-H446). Images for 16T and NCI-H446 are shown in [Figure 2---figure supplement 1B--C](#fig2s1){ref-type="fig"}. N = 5/cell line. The bar is the mean. (**C**) Quantification of the length of protrusions in three mSCLC cell lines (KP22, no visible protrusions, 16T and N2N1G with protrusions). The average cell size in these experiments was \~8 μm. Each dot represents a cell. N \> 10 fields were quantified in one biological replicate. Mean + /- s.d. is shown, Mann-Whitney test. (**D**) Representative still images from time-lapse videomicroscopy analysis of 16T SCLC cells showing the dynamic nature of the protrusions (from [Video 1](#video1){ref-type="video"}). (**E**) Quantification of the saltatory movements of three mSCLC cell lines as indicated. Note the correlation between the presence of protrusions and the ability of making longer steps (longer than the average cell size). Each dot represents a cell. N \> 10 fields were quantified in one biological replicate. Mean + /- s.d. is shown, Mann-Whitney test. (**F--H**) Example of single cell movement over time for each of the three mSCLC cell lines.](elife-50616-fig2){#fig2}

We quantified the length of protrusions and found that they were often 5 to 10 times longer than the diameter of the cell body (\~8 µm) ([Figure 2C](#fig2){ref-type="fig"}). The length and the frequency of these axon-like protrusions suggested that they might influence the behavior of SCLC cells. We investigated and quantified the features of SCLC cells with and without protrusions using time-lapse microscopy. Initial observations of mouse SCLC cells showed that the protrusions were very dynamic ([Figure 2D](#fig2){ref-type="fig"} and [Video 1](#video1){ref-type="video"}). In these videos, we noticed that the protrusions resembled cellular processes that have been described in neuroblasts and with the movement of SCLC cells along these protrusions reminiscent of neuronal tangential migration exhibited by neuroblasts ([@bib28]; [@bib36]; [@bib60]) and interneurons ([@bib25]). Indeed, when we quantified the movement of SCLC cell along protrusions, SCLC cell lines that form protrusions (16T and N2N1G cell lines) displayed increased saltatory activity compared to SCLC cells that do not form protrusions (KP22 cell line) ([Figure 2D--H](#fig2){ref-type="fig"} and [Video 2](#video2){ref-type="video"}, [3,](#video3){ref-type="video"} and [4](#video4){ref-type="video"}). The velocity of SCLC cells that form protrusions was also greatly increased compared to cells that do not form protrusions ([Figure 2---figure supplement 1D](#fig2s1){ref-type="fig"}).

###### Time-lapse video of 16T mouse SCLC cells (images collected every 15 min).

###### Time-lapse video of KP22 mouse SCLC cells (images collected every 15 min).

###### Time-lapse video of 16T mouse SCLC cells (images collected every 15 min).

###### Time-lapse video of N2N1G mouse SCLC cells (images collected every 15 min).

Together, these results indicate that SCLC cells can generate axon-like protrusions and that these projections facilitate migration in a manner that is qualitatively similar to neuroblast migration during brain development.

Expression of a gene signature for axonogenesis and neuronal migration across SCLC subtypes {#s2-3}
-------------------------------------------------------------------------------------------

To investigate the functional importance of these axon-like protrusions and their regulation, we focused on 13 genes (out of the 69 genes selected above) that encode for proteins functionally involved in diverse aspects of axon formation, axon guidance, and neuronal migration ([Supplementary file 2](#supp2){ref-type="supplementary-material"}--table 5). These 13 genes are all expressed in at least a subset of human SCLC tumors ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}) (data from [@bib18]). We excluded gene families for which functional overlap and compensatory mechanism were likely. STRING analysis and literature searches confirmed that these 13 candidates had a significant connection with biological processes related to neurogenesis and the regulation of neuron projection development. These proteins were not often connected with one another and thus likely contribute to distinct aspects of these biological processes ([Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"} and [Supplementary file 2](#supp2){ref-type="supplementary-material"}--table 6).

A better understanding of the mechanisms that lead to the upregulation of gene programs linked to axonogenesis and neuronal migration may help us understand the functional role of these gene programs in SCLC cells. SCLC tumors have been divided in major subtypes driven by key transcription factors ([@bib40]). In human tumors ([@bib18]), the 13-gene signature correlated more closely with the 'SCLC-N' subtype, driven by the transcription factor NEUROD1, and both human cell line NCI-H446 and the PDX model LU86 ([@bib43]) belong to this subtype ([Figure 3---figure supplement 1C](#fig3s1){ref-type="fig"}). The murine cell lines used to study protrusions in this study are of the 'SCLC-A' subtype (driven by the transcription factor ASCL1), even though the correlation between the 13-gene signature and ASCL1 expression was weak in mouse tumors ([@bib58]) ([Figure 3---figure supplement 1C](#fig3s1){ref-type="fig"}). We also found no correlation between *ASCL1* and *NEUROD1* expression and the ability to grow protrusions in other human cell lines ([Figure 3---figure supplement 1D](#fig3s1){ref-type="fig"} and [Supplementary file 2](#supp2){ref-type="supplementary-material"}--table 1). Thus, the ability to grow protrusions may exist across SCLC subtypes. We and others have identified a role for the NFIB transcription factor in SCLC metastasis and the induction of gene programs linked with neuronal differentiation ([@bib11]; [@bib45]; [@bib57]). Notably, the 13-gene signature correlated with high NFIB expression ([Figure 3---figure supplement 1C](#fig3s1){ref-type="fig"}). NFIB knock-down in mouse SCLC cells that had high NFIB levels and formed protrusions did not result in the global downregulation of the 13-gene signature, but was sufficient to reduce the formation of protrusions ([Figure 3---figure supplement 1E--F](#fig3s1){ref-type="fig"}). Overexpression of NFIB in SCLC mouse cells with low NFIB levels and without protrusions was not sufficient to lead to the upregulation of the entire set of 13 genes or to induce the growth of protrusions ([Figure 3---figure supplement 1E,G](#fig3s1){ref-type="fig"}). Thus, while NFIB upregulation may be important in the induction of neuronal programs in SCLC cells, the upstream factors that control neuronal programs specifically associated with axonogenesis and migration in SCLC remain to be fully characterized. These experiments led us to more specifically test the role of the 13 selected genes in the formation of protrusions and the role of these protrusions in cell migration and metastasis.

Loss of Axon-like protrusions inhibits the migration of SCLC cells {#s2-4}
------------------------------------------------------------------

In the 25 human SCLC cell lines analyzed in the Cancer Dependency Map project, knock-down of these 13 genes rarely affected the growth of SCLC cells in culture, consistent with these genes influencing aspects of cell physiology not related to the cell cycle ([Supplementary file 2](#supp2){ref-type="supplementary-material"}--table 7 and [Figure 3---figure supplement 2A](#fig3s2){ref-type="fig"}). We performed immunostaining for one of these 13 proteins (GAP43) and found that \~50% of human primary SCLC tumors stained moderately or strongly positive ([Figure 3---figure supplement 2B](#fig3s2){ref-type="fig"}), further supporting a role for neuronal programs linked to axonogenesis and migration in SCLC.

The 13-gene signature was overall more highly expressed in N2N1G cells, which are derived from a lymph node metastasis and grow protrusions compared to KP22 cells that do not grow protrusions ([Figure 3---figure supplement 2C](#fig3s2){ref-type="fig"}). We first knocked-down each of these 13 genes with two shRNAs in N2N1G cells. We confirmed stable knock-down by RT-qPCR ([Supplementary file 2](#supp2){ref-type="supplementary-material"}--table 8) and quantified the development of protrusions in the monolayer culture assay. Knock-down of 11 of the 13 genes significantly reduced the number of protrusions with at least one shRNA ([Figure 3A--B](#fig3){ref-type="fig"} and [Figure 3---figure supplement 3A](#fig3s3){ref-type="fig"}). Knock-down of multiple factors normally implicated in distinct steps of axonal growth reduced the development of protrusions from SCLC cells, thus further bolstering the notion that these protrusions are similar to neuronal axons. Knock-down of the many genes involved in axon formation, axonal guidance, and neuronal migration also reduced cell migration ([Figure 3B](#fig3){ref-type="fig"}). Quantification of cell migration showed that inhibition of migration correlated with loss of the axon-like protrusions ([Figure 3C--D](#fig3){ref-type="fig"}). We validated the knock-down for two of the top candidates, *Gap43* and *Fez1* genes, by immunoblot for the corresponding proteins in N2N1G cells ([Figure 3---figure supplement 3B--C](#fig3s3){ref-type="fig"}). We further validated the effects of knocking down these two factors on the growth of protrusions and cell migration in a second SCLC cell line (16T; [Figure 3E--J](#fig3){ref-type="fig"} and [Figure 3---figure supplement 3D--E](#fig3s3){ref-type="fig"}). Finally, we found that knock-down of *Gap43* and *Fez1* reduced the ability of SCLC 16T and N2N1G cells to migrate out of 3D spheroids in Matrigel ([Figure 3---figure supplement 3F--G](#fig3s3){ref-type="fig"}).

![The axonal-like protrusions contribute to the migratory ability of SCLC cells in culture.\
(**A**) Quantification of the number of cells with protrusions when mGFP-labeled N2N1G mSCLC cells were allowed to grow into a cell-free scratch generated in monolayer cultures under Matrigel. N = 3 independent experiments (shControl, N = 3 per experiment, total N = 9 plotted together). An unpaired t-test was used for statistical analysis and p-values are shown. Only significant p-values are shown. The dotted line represents a 60% reduction compared to the mean value of the controls. (**B**) Representative images of the data quantified in (**A**) and (**C**) with knock-down of *Gap43*. Scale bars, 100 μm. (**C**) Quantification of the migration of cells with protrusions when mGFP-labeled N2N1G mSCLC cells were allowed to grow into a cell-free scratch generated in monolayer cultures under Matrigel. N = 3 independent experiments. An unpaired t-test was used for statistical analysis and p-values are shown. Only significant p-values are shown. The dotted line represents a 60% reduction compared to the mean value of the controls. (**D**) Correlation of the data in (**A**) and (**C**) using the mean value for each knock-down. Pearson correlation R^2^ value is shown. (**E and H**) Immunoblot analysis of GAP43 or FEZ1 levels, respectively, in control and knock-down 16T mSCLC cells. HSP90 is a loading control. (**F and I**) Quantification of the number of cells with protrusions as in (**A**) with 16T mSCLC cells and *Gap43* or *Fez1* knock-down, respectively (N = 3). An unpaired t-test was used for statistical analysis and p-values are shown. (**G and J**) Quantification of the migration of cells with protrusions as in (**B**) with 16T mSCLC cells and *Gap43* or *Fez1* knock-down, respectively (N = 3). An unpaired t-test was used for statistical analysis and p-values are shown.](elife-50616-fig3){#fig3}

Together, these data show that SCLC cells with axon-like protrusions migrate in culture similar to what has been described for neuroblasts and that disruption of these protrusions by knocking down a variety of diverse genes involved in axonogenesis and neuronal migration also reduces SCLC migration.

Knock-down of genes associated with the formation of protrusions decreases metastatic potential {#s2-5}
-----------------------------------------------------------------------------------------------

The link between axon-like protrusions and migration in vitro led us to investigate whether these axon-like protrusions promote the metastatic ability of SCLC cells in vivo. In support of this idea, we found that the expression of neuron-specific class III beta-tubulin and TAU was barely detectable in non-metastatic tumors in the lungs of *TKO* mice 3 months after cancer initiation while a majority of later stage tumors stained strongly positive for both proteins ([Figure 4---figure supplement 1A--B](#fig4s1){ref-type="fig"}). GAP43 was detectable in 6/9 human SCLC metastases analyzed ([Figure 4---figure supplement 1C](#fig4s1){ref-type="fig"}). We also found a significant increase of key genes involved in axonogenesis and neuronal migration in metastases compared to primary tumors in a mouse model of SCLC ([Figure 4---figure supplement 1D](#fig4s1){ref-type="fig"}).

To test the role of these protrusions in the metastatic process in vivo, we investigated whether SCLC cells with *Gap43* or *Fez1* knocked-down had reduced metastatic ability. The products of these genes are thought to regulate axonal development in distinct manners but knock-down of each reduced the formation of protrusions and cell migration in culture. We first assessed whether *Gap43* and Fez1 knock-down reduced the metastatic ability of mouse N2N1G SCLC cells after intravenous transplantation of control and knock-down cells into recipient mice. Knock-down of each of these pro-protrusion factors significantly reduced the number of metastases as assessed by tumor counts at the surface of the liver 4--5 weeks after intravenous injection ([Figure 4---figure supplement 2A--B](#fig4s2){ref-type="fig"}). To determine whether GAP43 and FEZ1 are simply required for tumor growth in vivo, we transplanted *Gap43* and *Fez1* knock-down cells subcutaneously and quantified tumor growth. Knock-down of these genes had no effect on subcutaneous tumor growth suggesting that the effects on metastatic ability likely represent the disruption of phenotypes uniquely associated with the metastatic process ([Figure 4---figure supplement 2C](#fig4s2){ref-type="fig"}). We repeated these experiments with two independent shRNAs for each gene in both N2N1G and 16T SCLC cells, which confirmed that *Gap43* and *Fez1* knock-down reduced the formation of liver metastases after intravenous injection of SCLC cells ([Figure 4A--H](#fig4){ref-type="fig"} and [Figure 4---figure supplement 2D--E](#fig4s2){ref-type="fig"}).

![Genes involved in the generation of protrusions also control the formation of metastases.\
(**A**) Diagram of the approach to investigate the formation of liver metastases (met.) after intravenous injection of SCLC cells. (**B--C**) Quantification of the number of metastases 4 and 5 weeks after intravenous injection of N2N1G and 16T mSCLC cells, respectively, with control knock-down or knock-down of *Gap43* with two independent shRNAs. For N2N1G, tumors at the surface of the liver were quantified on the liver surface, as shown in [Figure 4---figure supplement 2D](#fig4s2){ref-type="fig"}. Too many tumors were present with the 16 T cell line and the control shRNA, and quantification was thus performed by measuring liver weight. N = 4--5 mice per condition in one biological replicate. Mean + /- s.d. unpaired t-test. (**D**) Representative hematoxylin and eosin (H and E) images of liver sections of mice in (**B--C**). Scale bars, 5 mm. (**E--H**) As shown in (**A--D**) for *Fez1* knock-down. See [Figure 4---figure supplement 2E](#fig4s2){ref-type="fig"} for representative images with N2N1G cells for the quantification in (**F--G**) of tumors at the surface of the liver. Arrows point to metastases. N = 4--5 mice per condition in one biological replicate. Mean + /- s.d. is shown, unpaired t-test. (**I**) Diagram of the approach to investigate early steps in liver metastasis, 2 days after intravenous injection. (**J--M**) Quantification of the number of GFP^positive^N2N1G and 16T mSCLC cells 2 days after intravenous injection. See [Figure 4---figure supplement 2F](#fig4s2){ref-type="fig"}-ID for representative flow cytometry. N = 5 mice per condition in one biological replicate. Mean + /- s.d., unpaired t-test.](elife-50616-fig4){#fig4}

The absence of growth defects in subcutaneous tumors following *Gap43* and *Fez1* knock-down suggested that these genes may affect earlier steps of the metastatic cascade. To test this, we performed similar intravenous transplant experiments but quantified the presence of SCLC cells in the liver 2 days after injection ([Figure 4I](#fig4){ref-type="fig"}). Quantification of GFP^positive^ cancer cells in the liver by flow cytometry documented a significant reduction in metastatic seeding by SCLC cells with *Gap43* or *Fez1* knocked-down ([Figure 4J--M](#fig4){ref-type="fig"} and [Figure 4---figure supplement 2F--I](#fig4s2){ref-type="fig"}). Thus, reduced expression of genes associated with the formation of axon-like protrusions affects early metastatic seeding of SCLC cells in the liver, which ultimately translates to reduced metastatic burden.

Discussion {#s3}
==========

While metastasis remains a major cause of morbidity and mortality in SCLC patients, its underlying mechanisms remain poorly understood and no therapeutic strategies exist to prevent metastatic spread or specifically treat metastatic SCLC. Here we investigated the function of neuronal gene expression programs in metastatic SCLC. We found that SCLC cells can grow axon-like protrusions and that these protrusions contribute to the migratory and metastatic phenotypes of these cells. This study identifies a cellular mechanism by which a neuroendocrine-to-neuronal transition promotes metastasis of SCLC cells.

The expression of neuronal factors in SCLC has been known for more than three decades and has been used as a marker for disease progression ([@bib9]; [@bib10]; [@bib5]; [@bib2]). However, whether neuronal programs in SCLC cells play a direct role in SCLC progression has not been rigorously investigated. We uncovered the formation of axon-like protrusions as one functional aspect of neuronal differentiation in SCLC and provide data to support a role for these protrusions in migration and metastasis. It is likely that other phenotypes usually associated with neurons beyond these axon-like protrusions also contribute to the expansion and the spread of SCLC cells. Furthermore, these axon-like protrusions may have other functions beyond facilitating metastatic seeding to the liver, which may including facilitating SCLC cell migration within the primary tumor, intravasation into the bloodstream, and movement within the parenchyma during metastatic expansion ([@bib46]). Future investigation of the roles of axon-like protrusions in SCLC will likely benefit from additional genetic analyses as well as high-resolution in vivo imaging methods. Recent evidence suggests that several other human tumor types also increase the expression of neuronal programs as they become more metastatic, especially to the brain ([@bib56]). It will be important for future studies to determine if aspects of the neuronal program also contribute to the striking ability of SCLC cells to seed and expand in the brain ([@bib29]).

Our data indicate that SCLC metastasis is facilitated by the development of axon-like protrusions, however other molecular mechanisms certainly also increase the probability that a cancer cell will successfully overcome all the hurdles that limit the development of tissue destructive metastases. For instance, we found that knock-down of *Dcx* (coding for Doublecortin) has little to no effect on the number of protrusions but strongly inhibits migration in our 2D Matrigel assay ([Figure 3A--B](#fig3){ref-type="fig"}), thus Doublecortin may promote SCLC migration independent from an impact on protrusion formation.

The formation of protrusions in SCLC cells is controlled by pathways previously implicated in the formation of axons and the migration of neuronal cells but it is unclear how the expression of these pro-protrusion genes is coordinated. Existing data support a role for the NFIB transcription factor across SCLC subtypes in the up-regulation of neuronal gene programs in general and gene programs associated more specifically with axonogenesis and neuronal migration (this study and [@bib11]; [@bib45]; [@bib57]). However, it is likely that a combination of genetic and epigenetic factors contributes to the ability of SCLC to grow protrusions ([@bib38]). Adhesion molecules and other factors in the tumor microenvironment are also likely to contribute to the formation of protrusions in vivo ([@bib19]).

Could an understanding of the molecular and cellular processes related to axon-like protrusions in SCLC cells ultimately be translated into clinical benefit for SCLC patients? Because NFIB is an important regulator of neuronal gene programs in SCLC cells, targeting this transcription factor may help inhibit SCLC metastatic potential in the future; one possible strategy could be the use of targeted proteolysis ([@bib37]). Another option could be to target individual factors in the axonogenesis and neuronal migration programs. Several of these factors may be required to drive these programs and these programs may not be as critical for brain function in adults as they are during development. Previous studies on SCLC have targeted the CXCR4 chemokine receptor due to its role in cell adhesion and migration and its expression in SCLC cells ([@bib6]; [@bib51]; [@bib50]). Interestingly, CXCR4 also contributes to the formation of axon-like protrusions ([Figure 3](#fig3){ref-type="fig"}). In a recent clinical trial in SCLC patients, CXCR4 inhibition was well tolerated but this inhibition did not significantly reduce disease progression ([@bib42]). However, agents that reduce the ability of cancer cells to overcome early barriers of metastatic seeding will likely need to be employed in specific settings where inhibition of the metastatic process would logically provide clinical benefit. For example, in patients with resectable SCLC, inhibition of pro-metastatic pathways in the neo-adjuvant and/or adjuvant setting could reduce the frequency or multiplicity of metastatic relapse.

More generally, the transition from a neuroendocrine state to a state where neuroendocrine differentiation is decreased but neuronal differentiation is increased may be related to the exceptional plasticity of SCLC cells (reviewed in [@bib59]). The epithelial-to-mesenchymal transition (EMT) is thought to contribute to migration, metastasis, and resistance to treatment in many cancer contexts and may play a role in SCLC ([@bib47]; [@bib8]; [@bib22]; [@bib1]; [@bib33]). Vascular mimicry (or epithelial-to-endothelial transition (EET) [@bib59]) may also contribute to tumor growth and response to treatment in SCLC ([@bib55]). Similarly, Notch-induced dedifferentiation to a non-neuroendocrine state can generate an intra-tumoral niche that protects neuroendocrine SCLC cells ([@bib27]). Based on our results and recent observations in other cancers ([@bib56]), we propose that an epithelial-to-neuronal transition contributes to key aspects of cancer metastasis. Further characterization of this neuronal state in both neuroendocrine and non-neuroendocrine cancers is likely to uncover novel mechanisms of cancer progression and may ultimately offer new insight into anti-metastasis strategies in the clinic.

Materials and methods {#s4}
=====================

Mouse model {#s4-1}
-----------

All experiments were performed in accordance with Stanford University Institutional Animal Care and Use Committee guidelines. *Trp53^flox^, Rb1^flox^, p130^flox^,* and *R26^mTmG^* mice have been described ([@bib31]; [@bib44]; [@bib11]) (RRID:[MMRRC_043692-UCD](https://scicrunch.org/resolver/MMRRC_043692-UCD)). Tumors were initiated by inhalation of Adeno-CMV-Cre (University of Iowa Vector Core, Iowa city, Iowa) as described in [@bib11], following a published protocol ([@bib13]).

Cell culture {#s4-2}
------------

All murine and human SCLC cell lines used in this study grow as floating aggregates and were cultured in RPMI with 10% FBS, 1 × GlutaMax, and 100 U/mL penicillin-streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA). Human cell lines were originally purchased from ATCC and cell identities were validated by Genetica DNA Laboratories using STR analysis. NJH29 SCLC cells were derived from a patient-derived xenograft (PDX), which has been described ([@bib21]). The LU86 and LU102 models were obtained from Stemcentrx ([@bib43]). The JHU-LX102 (LX102) model was a kind gift from Dr. Watkins ([@bib26]). The murine cell lines were described ([@bib11]; [@bib58]). Briefly, 16T and KP22 cells are from individual primary tumors from the lungs of *Rb/p53 DKO* mice. N2N1G cells were derived from a lymph node metastasis in an *Rb/p53/p130 TKO; Rosa26^mTmG^* mouse. 6PF cells were derived from metastatic cells in the plural fluid in an *Rb/p53/p130 TKO; Rosa26^mTmG^* mouse. All cell lines were confirmed to be mycoplasma-negative (MycoAlert Detection Kit, Lonza, Basel, Switzerland).

In vitro 2d matrigel migration and protrusion assay {#s4-3}
---------------------------------------------------

Silicone inserts (ibidi 80209, Grafelfing, Germany) were attached to wells in 12-well (up to two inserts) or 24-well (one insert) plates pre-coated with poly-D-lysine for 15 min (Sigma-Aldrich, St. Louis, MO).\~8×10^5^ cells were seeded to each chamber of the insert in 100 µL resulting in cells at \~80--90% confluency. After at least 6 hr, the inserts were carefully removed and 0.75--1 mL of a 1:1 Matrigel (Corning, Corning, NY): cell culture media mix was slowly added to cover each well. 1 mL of cell culture media was added on top of the solidified Matrigel to prevent drying. For quantification of cell migration and protrusions, the number of cells and the number of protrusions were counted in the gap at 10x under the microscope. The time points (between 36 hr and 96 hr) were dependent on the growth rate of the cell populations.

In vitro emigration assay {#s4-4}
-------------------------

1:1 Matrigel (Corning, Corning, NY):cell culture media mix containing SCLC spheres were added to Corning 12-well plates. The plates were incubated at 37°C, 5% CO2 for 48 hr. Images were obtained using a Keyence BZ-X710 microscope at 10X. Image analysis was carried out using ImageJ by measuring the area covered by cells that migrated out the aggregates/spheres. nine spheres in total were analyzed per condition in two independent experiments and the emigration efficiency was calculated by normalizing the area of emigration to the area of each sphere analyzed.

Live imaging of cell migration and quantification {#s4-5}
-------------------------------------------------

SCLC cells were plated as described in the 2D Matrigel migration assay and cultured for 24 hr before imaging. Then 10x DIC images were collected every 15 min for 25 hr using a Zeiss LSM 710 confocal microscope (Zeiss, Oberkochen, Germany) with a live imaging chamber set to 37°C, 5% CO2. To quantify the time-lapse videos, we examined nuclear movement and process length (as described in [@bib36]) using the FIJI software (NIH, Bethesda, USA). The position of the cell nucleus was tracked in each frame using the Manual Tracking plugin to obtain the distance migrated by the nucleus per frame and the average cell velocity over the entire video. Neuronal cell migration occurs via three steps: the cell extends a leading process, the nucleus translocates into the leading process via nucleokinesis, and the cell loses its trailing process. To quantify translocation events, we quantified the fractions of steps taken by each cell that were over 8 µm, which represents the length of one cell body and a nuclear translocation event. The process length was calculated by tracing a line from the cell body to the tip of the leading process about 6 hr into the video. Over 30 cells were tracked and analyzed per condition.

Immunostaining of cells in culture and human and mouse tissues {#s4-6}
--------------------------------------------------------------

Cells were fixed with 4% PFA for 15 min, permeabilized with 0.1% Triton and stained for Tuj1 (BioLegend 801213, San Diego, CA, RRID:[AB_2728521](https://scicrunch.org/resolver/AB_2728521)), TAU (Dako A0024, Santa Clara, CA, RRID:[AB_10013724](https://scicrunch.org/resolver/AB_10013724)), and MAP2 (1:500, EMD Millipore AB5622, Burlington, MA, RRID:[AB_91939](https://scicrunch.org/resolver/AB_91939)), and with a goat anti-rabbit secondary antibody (Invitrogen, Cat \# A32733, Waltham, MA, RRID:[AB_2633282](https://scicrunch.org/resolver/AB_2633282)). Membrane GFP was stained (Abcam ab13970, Cambridge, UK, RRID:[AB_300798](https://scicrunch.org/resolver/AB_300798)) to mark SCLC cells and the expression of the other neuronal markers were checked using a fluorescence scope (Zeiss LSM 880). Staining was quantified by counting directly under the microscope (at 40x magnification).

For immunofluorescence, mouse brain and lungs were fixed in 4% PFA and embedded in paraffin. Tissues were stained for GAP43 (Abcam ab16053, Cambridge, UK, RRID:[AB_443303](https://scicrunch.org/resolver/AB_443303)) or CGRP (Sigma C7113, Darmstadt, Germany, RRID:[AB_259000](https://scicrunch.org/resolver/AB_259000)) to label neuroendocrine cells. For immunohistochemistry, mouse tumor samples were fixed in 4% formalin and paraffin embedded. Hematoxylin and Eosin (H and E) staining was performed using standard methods. For immunohistochemistry, we used antibodies to GFP (Abcam ab6673, RRID:[AB_305643](https://scicrunch.org/resolver/AB_305643)), UCHL1 (Sigma-Aldrich HPA005993, RRID:[AB_1858560](https://scicrunch.org/resolver/AB_1858560)), Tuj1 (BioLegend 801213, RRID:[AB_2728521](https://scicrunch.org/resolver/AB_2728521)), and TAU (Dako A0024, RRID:[AB_10013724](https://scicrunch.org/resolver/AB_10013724)).

Tissue microarrays (LC818a, US Biomax, Rockville, MD) were stained for TAU and scored by a board-certified pathologist on a three point scale as follows: 0 = negative or weak staining of less than 10% cells, 1 = moderate intensity staining, 2 = strong intensity staining.

Whole mount immunofluorescence staining and imaging of tumors {#s4-7}
-------------------------------------------------------------

Detailed methods for whole mount immunofluorescence staining have been described ([@bib58]). Subcutaneous tumors with 5--10% GFPpositive cells mixed with non-GFP labeled SCLC tumor cells were dissected and were fixed in 4% paraformaldehyde and sectioned with a vibrating blade microtome at 500 μm thickness. Tumor slices were optically cleared using the CUBIC method, comprised of a three-hour incubation at room temperature in CUBIC one reagent and long-term storage in CUBIC 2 at 4°C ([@bib48]). Sections were imaged using a Zeiss LSM 780 laser scanning confocal microscope.

For DiI staining and imaging, subcutaneously transplanted human SCLC xenograft were harvested after 3 weeks of growth and cut into 500mm \~ 1 cm thick slices. Tumor pieces were stained with the red fluorescent tracer DiI (D282, Thermo Fisher Scientific) in a spot-wise manner, incubated in 37°C, 5% CO2 chamber for 20 min and washed three times with PBS+10%FBS to remove excess DiI before imaging. Images were collected using a Leica SP5 scope (Leica, Buffalo Grove, IL) with a water immersion lens.

Candidate gene knockdown {#s4-8}
------------------------

Stable knockdown of candidate genes was performed using lentiviral pLKO vectors and puromycin-resistance selection (Sigma-Aldrich). For lentivirus production, 7.5 × 10^6^ HEK293T cells were seeded into 10 cm dishes and transfected with the vector of interest using PEI (Polysciences 23966--2, Warrington, PA) along with pCMV-VSV-G (Addgene \#8454) envelope plasmid and pCMV-dR8.2 dvpr (Addgene \#8455) packaging plasmid. The medium was changed 24 hr later. Supernatants were collected at 36 hr and 48 hr, passed through a 40 μm filter and applied at full concentration to target cells. Two days after transduction cells were selected with Puromycin (2 μg/mL, Thermo Fisher Scientific, Waltham, MA) for at least 1 week. Knockdown was confirmed by RT-qPCR as in [@bib11] and immunoblot analysis. NFIB knock-down and its validation is described in [@bib11]. Table S8 shows the sequences of the oligonucleotides used to knock down the candidate genes. Note that the expression of the shRNAs targeting GFP partially decreased GFP expression, but cancer cells were still GFP^positive^ and could be detected by flow cytometry and microscopy.

Immunoblot analysis {#s4-9}
-------------------

GAP43 (Abcam ab16053, Cambridge, UK, RRID:[AB_443303](https://scicrunch.org/resolver/AB_443303)), FEZ1 (Cell Signaling 42480, Danvers, MA, RRID:[AB_2799222](https://scicrunch.org/resolver/AB_2799222)), and HSP90 (BD Transduction Laboratories 610418, San Jose, CA, RRID:[AB_397798](https://scicrunch.org/resolver/AB_397798)) antibodies were used to confirm the knockdown of each gene at the protein level. Briefly, denatured protein samples were run on 4--12% Bis-Tris gels (NuPage, Thermo Fisher Scientific, Waltham, MA) and transferred onto PVDF membrane. Primary antibody incubations were followed by secondary HRP-conjugated anti-mouse (Santa Cruz Biotechnology sc-2005, Santa Cruz, CA, RRID:[AB_631736](https://scicrunch.org/resolver/AB_631736)) and anti-rabbit (Santa Cruz Biotechnology sc-2030, Santa Cruz, CA, RRID:[AB_631747](https://scicrunch.org/resolver/AB_631747)) antibodies and membranes were developed with the ECL2 Western Blotting Substrate (Pierce Protein Biology, Thermo Fisher Scientific).

Transplantation assays {#s4-10}
----------------------

For long-term metastasis assays, 3 × 104 of N2N1G cells or 1 × 105 of 16 T cells were injected intravenously injected into the lateral tail vein of NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice (The Jackson Laboratories, Bar Harbor, ME - Stock number 005557, RRID:[IMSR_JAX:005557](https://scicrunch.org/resolver/IMSR_JAX:005557)). Mouse livers were harvested at 4--6 weeks after injection. Tumor number was quantified by directly counting on liver surface and also quantified by counting metastasis number or areas on the H and E sections. For subcutaneous injection, 5 × 104 cells were resuspended in 100 μL PBS and mixed with 100 µL Matrigel (Corning, 356231, Corning, NY) with four injection sites per mouse. For both subcutaneous and intravenous injections, SCLC cells were transplanted into age-matched gender-matched NSG mice. For short-term tumor seeding assays, 2 × 10^7^ of N2N1G cells or 5 × 10^7^ of 16 T cells were transplanted intravenously into the lateral tail vein of NSG mice. N2N1G, derived from *Rb/p53/p130 TKO; Rosa26^mTmG^* mouse, has endogenous GFP expression and 16T, derived from *Rb/p53 TKO* mouse, was stained by live cell stain CFSE (Thermo Fisher Scientific, C34554) and washed prior to intravenous injection. 2 days after transplantation, mouse livers were harvested, dissociated into a single cell suspension and analyzed by FACS to determine the percentage of GFP^positive^ cancer cells. FACS data were analyzed by FlowJo.

Single-cell RNA-seq analysis {#s4-11}
----------------------------

Single-cell sequencing data from normal pulmonary neuroendocrine cells and other major airway epithelial cell types previously annotated ([@bib35]) were analyzed for expression of a curated list of genes. The methods for measuring expressing of each gene in transcripts per million (tpm) are previously described ([@bib35]). In this report, we imported the tpm (JO_tpmGenes_noERCCs.txt) into Seurat v2.0 to create a seurat object and normalized using standardized methods previously described ([@bib7]). Gene expression data were represented using heatmaps.

Pathway and process enrichment analysis {#s4-12}
---------------------------------------

Metascape ([metascape.org](http://metascape.org/gp/index.html#/main/step1), RRID:[SCR_016620](https://scicrunch.org/resolver/SCR_016620)) was used to analyze the lists of genes involved in axonogenesis and neuronal migration. Metascape integrates data from KEGG Pathway, GO Biological Processes, Reactome Gene Sets, Canonical Pathways and CORUM ([@bib61]). The analysis of interactions between the top 13 candidate genes was performed using STRING (string-db.org) ([@bib49]). The analysis of dependency upon knock-down was performed using the in the Cancer Dependency Map project ([depmap.org/portal/](https://depmap.org/portal/)) in February 2019 with the Combined RNAi (Broad, Novartis, Marcotte) data ([@bib52]). The human RNA-seq datasets for human SCLC are from [@bib18]. Data from the Cancer Cell Line Encyclopedia (CCLE) are available at the Expression Atlas (<https://www.ebi.ac.uk/gxa/home>). The complete RNA-seq analysis of KP22 and N2N1G mouse cells will be published elsewhere, but the data are available in [Supplementary file 2](#supp2){ref-type="supplementary-material"}--table 9. The mouse primary tumors and metastases datasets are from [@bib11]; [@bib58].

Statistics {#s4-13}
----------

Statistical significance was assayed with GraphPad Prism software (RRID:[SCR_002798](https://scicrunch.org/resolver/SCR_002798)). The statistical tests used, the numerical p-values, and the number of independent replicates is indicated in the figure legends.
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###### This Excel file contains all the Tables associate with the manuscript.

Table 1: A Summary of all the cell line that are used and tested for protrusion formation. Table 2: Expression of genes involved in axonogenesis and axon guidance in primary human SCLC tumors by RNA-seq Table3: Expression of genes involved in axonogenesis and axon guidance in mouse SCLC tumors and metastases by RNA-seq Table 4: Metascape analysis of the top 20 clusters with their representative enriched terms (one per cluster) for the 69 candidates. Table 5: Biological process GO term analysis for the 13 selected proteins Table 6: 13 candidate genes that may control the growth of axonal-like protrusions on SCLC cells Table 7: Expression levels and dependency scores for the 13 candidates in human SCLC cells Table 8: Knock-down of the 13 candidate genes in mouse SCLC cells Table 9: RNA-seq analysis of N2N1G and KP22 mouse SCLC cells
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All data generated or analyzed during this study are included in the manuscript and supporting files. The RNA-seq data for primary human SCLC is available in Table S10 of George et al., 2015. The full dataset can be obtained after approval from the University of Cologne upon request with the corresponding author.
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**Acceptance summary:**

The paper provides strong evidence that axon-like protrusions on SCLC cells in culture and in vivo contribute to the aggressive, metastatic potential of these cells. Protrusions were detected in mouse SCLC cell lines in migration assays and in vivo, in PDX models. Axonal markers such as GAP43 are expressed in mouse SCLCs, about 50% of human primary SCLC and 6 out of 9 human SCLC metastases, but not in normal neurendocrine or non-endocrine lung epithelial cells or normal mouse lung sections. While the driver that activates axonal protein expression is not clear (e.g., expression of NEUROD1 or ASCL1 does not correlate, and NFIB appears to be neither necessary nor sufficient), the axonal proteins do seem to be important for migration and metastasis: when GAP43 or other proteins involved in axonal biology are knocked down by shRNA, cell protrusions and the migratory activity of the cells decrease. Importantly, this study also shows in an in vivo mouse model of metastasis, knocking down GAP43 or FEZ1, decreases metastasis to the liver, without affecting primary tumor formation. The concept that the neuronal characteristics of SCLC are correlated with poor outcome is in the literature, but this study provides identification of some players and experimental evidence for their requirement for migration and metastasis. Overall, these findings are significant for our understanding of SCLC migration and metastasis and may represent a more general new mechanism for cancer cells to promote their migration and metastasis.

**Decision letter after peer review:**

Thank you for submitting your article \"Axon-like protrusions promote small cell lung cancer migration and metastasis\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by Jonathan Cooper as the Senior and Reviewing Editor. The following individuals involved in review of your submission have agreed to reveal their identity: John Minna (Reviewer \#1); René-Marc Mège (Reviewer \#3).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

Small cell lung cancer (SCLC) is highly metastatic but there is little understanding of what features of SCLC cells contribute to their propensity to invade and metastasize. This study proposes that progressive neuronal characteristics contribute to the aggressive, metastatic potential of these cells. Yang et al. characterize axon-like protrusions that they observe on SCLC cells in culture and in vivo. The protrusions that express the axonal markers TAU and TUJ1 but not the dendritic marker MAP2. They observed protrusions in mouse SCLC cell lines in migration assays, in vivo, and in PDX models. When multiple proteins involved in axonal biology are knocked down by shRNA, cell protrusions and the migratory activity of the cells decrease. Importantly, this study also shows in an in vivo mouse model of metastasis, knocking down 2 genes, GAP43 and FEZ1, decrease metastasis to the liver, without affecting primary tumor formation. The concept that the neuronal characteristics of SCLC are correlated with poor outcome is in the literature, but this study provides identification of some players and experimental evidence for their requirement for migration and metastasis. This neuroendocrine/epithelial to neuronal transition may also be shared by other cancer cells and may thus represent a more general new mechanism for cancer cells to promote their migration and metastasis.

Essential revisions:

This paper is reviewed in the context of the urgent need to identify and potentially therapeutically target mechanisms of metastases in SCLC, one of the most highly metastatic human cancers for which we need rational therapies. Thus, the authors have identified and tackled an important problem with clinical translational relevance. There are a series of issues, which, if addressed, would improve this manuscript and strengthen the conclusions.

1\) While it is clear that these SCLC-expressed neuronal genes are functionally important, the authors conclude that they have identified a cellular mechanism through which neuroendocrine to neuronal transition promotes metastasis of SCLC cells (Discussion, first paragraph). An alternative possibility is that these programs are active in normal lung neuroendocrine cells and in primary SCLC, contributing to a high propensity of SCLC cells to metastasize. What is unclear is the extent to which a neuroendocrine to neuronal transition is at work in promoting the expression of the genes under study and conferring the phenotypes observed.

For example, do normal pulmonary neuroendocrine cells (PNECs) form long protrusions/axon-like structures and express the axonal marker TAU? Do normal PNECs express GAP43 and FEZ1, i.e. the neuronal genes most thoroughly examined in this study shown by the authors to be important for metastasis?

Also, is there evidence that the expression of genes such as GAP43 and FEZ1 is increased in metastatic SCLC compared to primary SCLC? These genes were expressed in the George et al., RNAseq dataset composed of primary SCLC samples, so it is important to know if they increase in metastatic cells.

If the neuronal features of SCLC cells identified in this study are active in normal lung neuroendocrine cells and in primary SCLC, then it becomes less clear that a neuroendocrine to neuronal transition is important for SCLC metastasis and for the phenotypes described and the authors would need to reconsider their conclusions.

2\) There are many human and mouse SCLC cell culture models available for study. How many were analyzed for the presence of protrusions and what% had axon like protrusions? The text is vague on this point and only few cell lines are shown. Likewise, in deposited datasets like those the authors have studied (e.g. George et al., 2015) how frequent are SCLC expressing the neuronal markers? Are there molecular, clinical, and histological differences between the SCLC preclinical models that do or don\'t have these protrusions?

3\) The authors are very vague on the preclinical model cell line and patient derived xenograft (PDX) descriptions. Basically, readers should not have to go look up the information on them to understand the experiments. It would be really helpful if any given model used could be described better to give some context. For example, what are the characteristics of the different human PDXs used-are the expressing key factors or characteristics that have been described for different subtypes of SCLC such as ASCL1, NEUROD1, POU2F3, none of these, etc.? The authors were active in publications studying such factors and could easily provide quantitative information and context of neuronal differentiation to such factors as these lineage oncogenes (beyond the comparison of ASCL1 positive mouse models and one human SCLC line).

4\) The authors were the first to report on the role of NFIB in generating metastatic behavior and indicated its role in neuronal phenotypes. In fact, in that report they raised the question of whether NFIB does this through generating neuronal characteristics. Thus, an obvious question is whether NFIB controls the expression of any of the neuronal genes they studied with functional genomics? While they cite unpublished studies of exogenous expression of NFIB, a more obvious question is whether knockout of NFIB in tumor models with protrusions influences these? I am sure, this had to be one of the first things they addressed, but we are given no information on this, making me wonder why not? Whatever the answer is we need to know.

5\) Murine SCLC lines 16T and KP22 have different abilities to form protrusions (16T does and KP22 doesn\'t). Is there RNAseq data on these and any differentially expressed genes (DEGs) that would be of interest in this respect?

6\) Assuming they are correct in the major claim (SCLCs differentiating along neuronal pathways lead to mechanisms that promote metastases), what is the path to a \"therapeutic window\"? Clearly, targeting some of these features directly, could lead to injury to the nervous system. So, is the approach to be to decide what controls this expression program and then target that or something else? This brings one back to the consideration of the role of key lineage oncogenes (in this case NEUROD1 seems like the prime culprit) or transcription factors like NFIB in controlling the neuronal program, and how best to target these transcription factors. This key issue is only dealt with by the authors in a tangential way in the Results or Discussion section.

7\) The authors show that metastasis is affected very early (two days). This suggests that GAP43 or FEZ1 inhibition impacts the emigration out of tumor. This may be difficult to detect rapidly by in vivo imaging in mice but an easy way to start could be to seed tumor cells aggregates in 3D Matrigel or collagen gel and image live cell emigration. The authors have all the tools to test this hypothesis in a very short time period.
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Author response

> Essential revisions:
>
> This paper is reviewed in the context of the urgent need to identify and potentially therapeutically target mechanisms of metastases in SCLC, one of the most highly metastatic human cancers for which we need rational therapies. Thus, the authors have identified and tackled an important problem with clinical translational relevance. There are a series of issues, which, if addressed, would improve this manuscript and strengthen the conclusions.
>
> 1\) While it is clear that these SCLC-expressed neuronal genes are functionally important, the authors conclude that they have identified a cellular mechanism through which neuroendocrine to neuronal transition promotes metastasis of SCLC cells (Discussion, first paragraph). An alternative possibility is that these programs are active in normal lung neuroendocrine cells and in primary SCLC, contributing to a high propensity of SCLC cells to metastasize. What is unclear is the extent to which a neuroendocrine to neuronal transition is at work in promoting the expression of the genes under study and conferring the phenotypes observed.
>
> For example, do normal pulmonary neuroendocrine cells (PNECs) form long protrusions/axon-like structures and express the axonal marker TAU? Do normal PNECs express GAP43 and FEZ1, i.e. the neuronal genes most thoroughly examined in this study shown by the authors to be important for metastasis?

We now present extensive data on primary neuroendocrine cells, early stage primary tumors, and metastasis, all of which support a model in which these neuronal programs are specifically induced during SCLC progression. We presented data in the first version of the manuscript that TAU expression is lowly expressed or not detectable in \> 90% of early SCLC primary tumors in the mouse models (Figure 4---figure supplement 1A-B). Importantly, the percentage of tumors that express TAU increased as the tumors progress. We also presented data that TAU is undetectable in \~45% of human SCLC primary tumors (Figure 2---figure supplement 2B). These data suggested that the neuronal programs involved in axonogenesis and neuronal migration are not activated or activated at low levels in early lesions. To provide some additional insight into this pattern of expression of neuronal markers in SCLC, we analyzed the expression of the axonogenesis marker GAP43 in human tissue microarrays. We found that \~half of the human primary tumors do not express GAP43, indicating that the neuronal programs are not always present in SCLC tumors. These new data are now mentioned in the text, with representative images and quantification shown in new Figure 3---figure supplement 3B. These correlative data are consistent with a model in which the axonogenesis and neuronal migration programs are turned on during tumorigenesis.

At the time of our initial submission, we had not examined the expression of neuronal markers associated with axon-like protrusions in non-transformed neuroendocrine cells. In part, this was because SCLC tumors are likely to arise from multiple different cell types in the lung, not only from neuroendocrine cells. Previous work in mouse models from the lab of Dr. Anton Berns (1) and our lab (2) suggested that neuroendocrine cells may be a cell of origin without excluding other cell types. Recently, the group of Dr. Mark Krasnow published data that SCLC tumors can arise from a small subpopulation of neuroendocrine cells (3). However, new work from the group of Dr. Anton Berns (4) and our recent work (5) support the idea that non-neuroendocrine lung epithelial cells may also serve as cell types of origin for SCLC. In particular, a recent study from the group of Dr. Mirentxu Santos shows that basal cells can also be a cell type of origin for SCLC at least in specific genetic contexts (6). Thus, to address the point raised by the reviewer in an unbiased manner, with the help of Dr. Christin Kuo (now a co-author on the manuscript), we analyzed single-cell RNA-seq data in which neuroendocrine and non-neuroendocrine lung epithelial cells were studied (3). This analysis shows that the neuronal programs associated with axonogenesis and neuronal migration are not expressed (as a whole) in any of the cell populations analyzed. These new data are now mentioned in the text and in new Figure 2---figure supplement 2C. Furthermore, we stained lung sections from adult mice for GAP43 and found no detectable expression in CGRP+ neuroendocrine cells (or in any other lung epithelial cell types) (new Figure 2---figure supplement 2D). Based on these observations, and on the difficulty of growing primary neuroendocrine cells in culture, we did not pursue studies to investigate whether primary neuroendocrine cells form protrusions.

Together, these data further support a model in which the neuronal migration and axonogenesis programs are specifically turned on during SCLC progression.

> Also, is there evidence that the expression of genes such as GAP43 and FEZ1 is increased in metastatic SCLC compared to primary SCLC? These genes were expressed in the George et al., RNAseq dataset composed of primary SCLC samples, so it is important to know if they increase in metastatic cells.

From the analysis of human primary tumors (e.g. tissue microarrays), it is difficult to know if the tumors studied have already gained metastatic potential, however the observation that only a fraction of primary tumors express GAP43 is suggestive of a switch, as discussed above. Through our clinical collaborators, we obtained 9 human SCLC metastases and stained them for GAP43 expression. Six of these metastases expressed GAP43. Although these numbers are low, these new data show that GAP43 is expressed in a fraction of metastatic SCLC (new Figure 4---figure supplement 1C).

To complement the analysis of human tumors (which is limited by the paucity of metastatic samples, especially of paired primary tumor and metastasis samples from the same patients), we present RNA-seq data from primary tumors and metastases in our SCLC mouse models (Supplementary file 2---table 3). We realize that it was difficult to extract key information from the large table that we initially included in our manuscript. Thus, to address this point, we generated a new figure plotting the fold change for the 13 key neuronal genes in metastases versus primary tumors (only 12 of these genes are actually present in our mouse RNA-seq datasets). We found that the increase in the top candidate genes is significant in the mouse model in which tumors are initiated by Adeno-CMV-Cre instillation. It is also important to remember that this likely represents an underestimation of the induction of these genes because some primary tumors in this study are already in the metastatic state. These data now are shown in new Figure 4---figure supplement 1D. These data provide support to the idea that these neuronal genes are increase during metastatic progression in certain contexts.

> If the neuronal features of SCLC cells identified in this study are active in normal lung neuroendocrine cells and in primary SCLC, then it becomes less clear that a neuroendocrine to neuronal transition is important for SCLC metastasis and for the phenotypes described and the authors would need to reconsider their conclusions.

As discussed above, our data strongly support a model in which the gene programs associated with neuronal migration and axonogenesis are upregulated during SCLC development.

> 2\) There are many human and mouse SCLC cell culture models available for study. How many were analyzed for the presence of protrusions and what% had axon like protrusions? The text is vague on this point and only few cell lines are shown.

We agree that providing a more a clear description of each model is important. To address this point (and point \#3 below), we generated a new table in which we compiled information related to the mouse and human models analyzed (new Supplementary file 2---table 1).

> Likewise, in deposited datasets like those the authors have studied (e.g. George et al., 2015) how frequent are SCLC expressing the neuronal markers? Are there molecular, clinical, and histological differences between the SCLC preclinical models that do or don\'t have these protrusions?

In Figure 3---figure supplement 1A, we show the expression of the 13 top candidate genes in the George et al. human SCLC dataset. This analysis shows variable expression of this gene signature but it has not been possible to access the clinical data for each patient and correlate gene expression and clinical data. To address this point at least partly, in the revised version of the manuscript, we performed a correlation analysis between the expression of these genes and some key drivers of SCLC, such as the ASCL1 and NEUROD1 transcription factors. We found a better correlation for this gene signature and higher NEUROD1 levels, but a number of our cellular models with protrusions belong to the ASCL1-high subtype. This analysis failed to identify a clear driver of the switch to increased expression of axonogenesis and migration programs. It is possible that larger datasets would prove more informative. These data are shown in new Figure 3---figure supplement 1C.

> 3\) The authors are very vague on the preclinical model cell line and patient derived xenograft (PDX) descriptions. Basically, readers should not have to go look up the information on them to understand the experiments. It would be really helpful if any given model used could be described better to give some context. For example, what are the characteristics of the different human PDXs used-are the expressing key factors or characteristics that have been described for different subtypes of SCLC such as ASCL1, NEUROD1, POU2F3, none of these, etc.? The authors were active in publications studying such factors and could easily provide quantitative information and context of neuronal differentiation to such factors as these lineage oncogenes (beyond the comparison of ASCL1 positive mouse models and one human SCLC line).

This is a very good point and we apologize for not making these completely clear in the first submission. This point is closely related to point \#2 above. We had previously addressed some aspects of this question in the Discussion section of the initial manuscript, but we agree that it is better to provide clear information to the reader. We have now added this information in new Supplementary file 2---table 1. Unfortunately, we do not have gene expression data or copy number data for all the cellular models that we used, thus this correlative analysis remains informative but incomplete. As an additional piece of data, we examined the expression of key drivers of SCLC phenotypes in human SCLC cell lines and their possible relationship with the growth of protrusions in culture. We found no correlation between ASCL1 and NEUROD1 levels and the ability to grow protrusions (new Figure 3---figure supplement 1C-D). Thus, the progression to this cellular state appears to not be constrained within one SCLC subtypes and is detected in a subset of both mouse and human cell culture system and in vivo tumors.

> 4\) The authors were the first to report on the role of NFIB in generating metastatic behavior and indicated its role in neuronal phenotypes. In fact, in that report they raised the question of whether NFIB does this through generating neuronal characteristics. Thus, an obvious question is whether NFIB controls the expression of any of the neuronal genes they studied with functional genomics? While they cite unpublished studies of exogenous expression of NFIB, a more obvious question is whether knockout of NFIB in tumor models with protrusions influences these? I am sure, this had to be one of the first things they addressed, but we are given no information on this, making me wonder why not? Whatever the answer is we need to know.

This is an important point that we have now clarified in the revised version of our manuscript. To provide some context, our previous work, along with work from the groups of Dr. Anton Berns and Dr. David MacPherson identified NFIB upregulation as a determinant of SCLC metastasis in mouse models. In humans, NFIB is expressed in 50-75% of advanced tumors/metastases (8-10). In our previous work, NFIB upregulation was associated with increased expression of neuronal gene expression programs.

Some of our data support a role for NFIB in controlling the gene expression programs involved in the growth of protrusions in SCLC cells. For instance, as mentioned above, we found that the top candidate genes are significant upregulated in SCLC tumors that are initiated by Adeno-CMV-Cre (the model in which NFIB is nearly always upregulated in metastases) (new Figure 4---figure supplement 1D). In human and mouse SCLC tumors, the expression of our top candidate genes correlates with NFIB expression (new Figure 3---figure supplement 1C-D). Furthermore, we found a modest correlation between NFIB levels and the ability of human SCLC cell lines to grow protrusions (new Figure 3---figure supplement 1D). Finally, knock-down of NFIB in 16T cells, which form protrusions, leads to decreased formation of protrusions (new Figure 3---figure supplement 1F).

However, our data also indicate that upregulation of NFIB is not necessary or sufficient for the induction of genes programs related to axonogenesis and migration, and for the growth of protrusions in SCLC cells. For instance, expression of individual top candidate genes does not correlate with NFIB knock-down in 16T cells (which form protrusions) or with NFIB overexpression in KP22 cells (which do not form protrusions), including the genes coding for GAP43 and FEZ1 (new Figure 3---figure supplement 1E). Importantly, ectopic expression of NFIB in KP22 cells is also not sufficient to induce the formation of protrusions (new Figure 3---figure supplement 1G).

We have now added these new data to the manuscript and updated the Discussion to indicate that NFIB may be a regulator of the gene programs studied in this manuscript, but that other factors are also likely to be involved.

> 5\) Murine SCLC lines 16T and KP22 have different abilities to form protrusions (16T does and KP22 doesn\'t). Is there RNAseq data on these and any differentially expressed genes (DEGs) that would be of interest in this respect?

We have performed RNA-seq on several cell lines, including 16T, N2N1G, and KP22, however the 16T data is from an experiment performed at a different time with a different sequencing platform. Thus, we focused on the N2N1G/KP22 comparison since N2N1G also grows protrusions similar to 16T. We found that the genes associated with the growth of protrusions (as determined by the impact of gene knock-down on protrusion formation) were more highly expressed in N2N1G cells compared to KP22 cells. These data are now shown in a heat map in new Figure 3---figure supplement 1E.

> 6\) Assuming they are correct in the major claim (SCLCs differentiating along neuronal pathways lead to mechanisms that promote metastases), what is the path to a \"therapeutic window\"? Clearly, targeting some of these features directly, could lead to injury to the nervous system. So, is the approach to be to decide what controls this expression program and then target that or something else? This brings one back to the consideration of the role of key lineage oncogenes (in this case NEUROD1 seems like the prime culprit) or transcription factors like NFIB in controlling the neuronal program, and how best to target these transcription factors. This key issue is only dealt with by the authors in a tangential way in the Results or Discussion section.

We had begun to discuss this in the initial version of the manuscript, but we agree that these points required additional clarification. In the correlation analyses that we performed, we identified NFIB as an important regulator of the neuronal gene programs involved in the growth of protrusions (even though NFIB up-regulation is not sufficient to recapitulate these gene programs). Thus, we envision two possible therapeutic approaches. One would be to decrease NFIB levels, as our best candidate for a regulator of the protrusions. The second one would be to target individual proteins required for the formation of protrusions. The diversity of proteins required for the formation of these protrusions may thus represent the most fruitful avenue for this type of investigation. In regards to a "therapeutic window", it is important to note that while many of these pathways are important for neuronal pathfinding and development, they may have a much less significant role in the adult. We have updated the Discussion to include these points.

> 7\) The authors show that metastasis is affected very early (two days). This suggests that GAP43 or FEZ1 inhibition impacts the emigration out of tumor. This may be difficult to detect rapidly by in vivo imaging in mice but an easy way to start could be to seed tumor cells aggregates in 3D Matrigel or collagen gel and image live cell emigration. The authors have all the tools to test this hypothesis in a very short time period.

The two-day assays that we describe in the manuscript are based on intravenous transplantation followed by SCLC seeding in the liver. Thus, these data actually relate to the early events of metastatic seeding, rather than cancer cells extravasation out of the tumor.

However, we do agree that experiments aimed at addressing the effect of neuronal programs on emigration out of primary tumors (like those described by the reviewer) are warranted and of potential importance. Thus, to address this point, we developed a new assay in which control and knock-down aggregates (spheroids) are plated directly into Matrigel followed by quantification of the migration of SCLC cells away from the aggregates. These new data confirm the loss of migration ability when *Gap43* and *Fez1* are knocked-down (new Figure 3---figure supplement 3F-G). These data support a model in which these genes (and likely the development of protrusion which they control) may be important at multiple steps in the metastatic cascade.
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